Abstract: Pure and Au-Ag nanoclusters-doped TiO 2 thin films have been synthesized by the sol-gel method and the effect of Au-Ag nanoclusters doping on their structural, morphological and optical properties was investigated by of XRay Diffraction (XRD) and Scanning Electron Microscopy (SEM), and UltravioletVisible-Near infrared (UV-Vis-NIR) spectrophotometry, respectively. XRD spectrum indicated that all of TiO 2 thin films were polycrystalline anatase with a bodycentered tetragonal structure. SEM images show that all thin films are compact, dense and adhered well to the substrates. The maximum transmittance values of pure and TiO 2 thin films are over 90% when Au-Ag nanoclusters concentration is up to 40% doping level. The optical band gap of the as-grown TiO 2 thin films decreases from 3.63 to 3.31 with increasing dopant concentration. These results provide some useful references for the potential application of these thin films in device technology.
Introduction
Nanocrystalline titanium dioxide (TiO 2 ) is a perfect semiconducting material that crystallizes in three different crystalline structures: brookite (orthorhombic), rutile (tetragonal) and anatase (tetragonal). The anatase phase has been reported to be enhanced at temperatures below 800 ∘ C, which at higher temperatures reverts to the more stable rutile phase [1] [2] [3] . The use of polycrystalline TiO 2 films are favored in a variety of applications such as optics [4] , dye sensitized solar cells [5] , dielectric applications [6] , photocatalytic layers [7] and self cleaning purposes [8] due to its high refractive index, the high dielectric constant, the high transparency in the visible range, wide band gap and chemical stability.
Preparation of thin films containing nanoparticles of semiconductors and metals is one of the hot topics in the field of materials science, as they show promise in electronic, photonic, chemical, and magnetic applications [9] [10] [11] [12] . Metal nanoparticles embedded in transparent matrixes have been widely studied as optical materials [13] [14] [15] [16] [17] [18] . In fact, Au and Ag are among the most interesting metals as influences on the nonlinear optical properties of the materials [19, 20] . Individual properties are also certainly acquired from phenomena occurring at the nanoparticle/matrix interface. The typical matrix which is used to generate optical nanocomposites is silica, owing to its chemical stability and transparency at visible light wavelengths. A new type of functional nanocomposite can be created by using a functionally active matrix [21] . Such composite films are also being investigated progressively as heterogeneous photoanodes [22] , catalysts [23] , and photocatalysts [24] by using TiO 2 films as matrixes.
When other studies were searched in the literature, it is clearly seen that there are many studies concerning doped TiO 2 films where Au and Ag nanoparticles were added individually. However, hardly any studies about Au-Ag co-dopedTiO 2 were found. The goal of the present work is to prepare the TiO 2 thin films doped with Au-Ag nano-clusters in various concentrations (10%-50%) by a solgel method and to study the effect of these dopant materials on the structural, morphological and optical properties of the films.
Materials and methods
Gold-silver-nanoclusters were prepared in a two-phase water/toluene system using a modified Brust method [25, 26] . Briefly, nanoparticles were prepared by the dropwise addition of 0.01 M aqueous NaBH 4 solution in an equal volume of ammoniacal aqueous 0.5 mM HAuCl 4 (pH ca. 7.8) and washed thoroughly several times with water and toluene and dried under nitrogen, followed by redispersion in ethanol. Subsequently 0.5 mM AgNO 3 was added to 40 mL of the Au nanoparticles dispersion under continuous stirring. The Au-Ag nanoclusters were separated and washed thoroughly several times with water and toluene and dried under nitrogen, followed by redispersion in ethanol.
In order to prepare a TiO 2 solution, 2. and the solutions mixed with the magnetic stirrer for two additional hours. Finally, the pure and Au-Ag nanoclusters-doped TiO 2 solutions were aged at room temperature for one day before deposition. These films, i.e., pure, 10%, 20%, 30%, 40%, and 50% Au-Ag nanoclusters doped TiO 2 , were tagged as T0, T1, T2, T3, T4, and T5, respectively.
Microscope glass slides were used as the substrates for the thin films. Prior to deposition, the glass slides were sequentially cleaned in an ultrasonic bath with acetone and ethanol, then they were rinsed with distilled water and dried. After the above treatment, a spin-coating process was applied to coat the solutions onto the glass substrates. The spinning process was executed using a Holmarc Spin Coating Unit and covering was done by quickly depositing ∼ 0.6 mL of solution onto a glass substrate spun at 6000 rpm for 30 s in air. In order to get as-deposited films, five spin-coated layers were applied on each substrate. After each spinning process, samples were subjected to repetitive annealing processes at a temperature of 300 ∘ C for a five-minute period and finally were post-annealed at a temperature of 500 ∘ C for one hour in an oven.
A TEM (Transmission Electron Microscopy) image of Au-Ag nanoclusters using a FEITecnai G
2 Sprit transmission electron microscope (20-120 kV) is shown in Figure 1 . Crystallite sizes of all the thin films have been identified by Xray diffractometer over the range 20
∘ -80 ∘ . Moreover, the morphologic characterizations of the TiO 2 thin films have been performed with Zeiss LS-10 scanning electron microscopy (SEM). The transmittance spectra are also registered from 300
to 1500 nm wavelength with a data interval of 5 nm using a Jasco Model V-570
type UV-Vis-NIR spectrophotometer at room temperature. Furthermore, the thicknesses of all of the thin films were measured by ellipsometry.
Results and discussion

Structural characterization
The pure TiO 2 thin film was the anatase phase crystal plane with (101) reflection, shown from inset of Figure 2 , whereas the Au-Ag nanoclusters doped TiO 2 thin film also presented characteristic peaks of anatase crystal plane (101) and (200) as shown in Figure 2 . [JCPDS-Card No. 00-021-1272]. When the literature is reviewed, heavy doping of Ag always resulted in mixed phases of anatase and rutile, the relative proportion of the rutile phase increasing with the increased amount of Ag in the TiO 2 [27] . The Au-TiO 2 samples had also undergone a phase transformation to form a mixture of anatase and rutile phases [28] . The anatase to rutile phase transformation takes place at high temperatures of about 600-650 ∘ C. However, in the present study, we have annealed at 500 ∘ C only (the same temperature as for the thin films) and at this temperature, even with 50% of Au-Ag, the transformation of the anatase to the rutile form is not observed, as shown by the XRD results. The use of XRD is fundamental to characterize the crystal structure and crystallinity; and the average size of crystals was estimated from Scherrer's equation described as: = 0.9 cos
where is the wavelength of the incident X-ray radiation, is the full-width at half-maximum (FWHM) of the desired peak in radians and is the Bragg angle [29] . Furthermore, the estimated crystallite sizes from the FWHM of the Intensity (a.c.) our work crystallite sizes decrease with increasing concentration in Au-Ag nanoclusters up to the 40% doping level and then increase again for samples of T4 and T5.
Morphological characterization
As seen in Figure 3 , surface properties are more heterogeneous in the T1 film when compared with T0. However, grain sizes are almost the same whereas they decrease in the T2 film. When dopant concentration increases, grain sizes decrease and films have a more homogenous surface morphology. In addition, the decrease in the grain size and also the more compact, dense and tight structure in the T5 film is clearly observed and hence this observation supports the reduction in transmittance value.
Optical characterization
The transmission spectra of TiO 2 thin films for various dopant concentrations are shown in Figure 4 . As seen here, the maximum transmittance values of pure and 10%, 20% and 30% Au-Ag nanoclusters-doped TiO 2 thin films are upon 90%. However, when the Ag nanoclusters dopant ratio exceeded 30%, the transmittance values declined, presumably due to disorder in the lattice. In other studies a rapid decrease has been observed in the transmittance of Ag-doped TiO 2 thin films, which can be related to the excitonic transition [27] . In our previous work, the reduction in transmittance has also been observed at high concentrations (40% and 50%) of Au nanoparticles in TiO 2 . The highest transparency values in the visible region are given in Table 1 . Table 1 . The refractive index of transparent conductive oxides has an immediate effect on the transmission of light into thin film solar cells [31] . The refractive index of the thin films are given by the formula [32] ,
where is the refractive index, is the reflectance and = ( /4 ) is the extinction coefficient. Figures 6 and 7 report the refractive index ( ) and the extinction coefficient ( ) dependence of wavelength, respectively. As seen in both figures, the refractive index and the extinction coefficients of the pure and doped thin films decrease with increasing wavelength. These reductions in the refractive index ( ) and the extinction coefficient ( ) values with wavelength identify the normal dispersion behavior of the films. The acquired values of refractive index at 600 nm are given in Table 1 . As seen from this table, the refractive index values of TiO 2 thin films show a regular decrease with increasing concentration of the Au-Ag nanoclusters dopant reaching up to 40%. Furthermore, the value of extinction coefficient ( ) is next to zero, in keeping with the fact that the TiO 2 thin film is transparent in the visible spectral region. The band-to-band excitation as a fundamental transition leads to the change in the extinction coefficient at lower wavelengths. However, it can be seen clearly from Figure 6 , the values of the ex- tinction coefficient of the T5 thin film is high when compared with the others. This case verifies the transmission spectra. The complex dielectric constant is an essential unique property of a material. The real part ( 1 ) of the dielectric constant indicates how much it will decelerate the speed of light in the material, meanwhile the imaginary part ( 2 ) shows how a dielectric material absorbs energy from an electrical field due to dipole motion. The analysis of the real and the imaginary parts of the dielectric constant enables elucidation of the loss factor, which is ratio of the imaginary part to the real part of the dielectric constant. The real and the imaginary parts of dielectric constant can be estimated using the relations [33] ,
The variation of 1 and 2 with wavelength are shown in Figures 8 and 9 , respectively. As seen from the figures, the variation of the real and imaginary dielectric constants with respect to wavelength is similar in that they decrease with increasing wavelength and they also become constant at higher wavelengths.
The dissipation factor, called 'loss tanged', tan , is a parameter of a dielectric material that quantifies its intrinsic dissipation of electromagnetic energy. It is also a significant parameter describing the TiO 2 thin films dielectric behavior. In general, it can be calculated by the following equation [34] , tan = Figure 10 shows the variation of the dissipation factor of TiO 2 thin films with wavelength. It was found that the dissipation factor decreases with increasing wavelength.
In order to go a step further in the analysis of optical data, the real dielectric constant is calculated according to the Spitzer-Fan model by [35] 
where 1 is the real part of dielectric constant, ∞ is the high frequency dielectric constant, is the electronic charge, is the velocity of photon, 0 is the free space dielectric constant and opt / * ℎ is the ratio of free optical carrier concentration ( opt ) to the free carrier effective mass ( * ℎ ). The variation of the dielectric constant with 2 shows that some interactions between photons and electrons are produced in this wavelength range. The variation of the real electric constants with 2 is shown in Figure 11 and that the y-axis intercept for the linear part at higher wavelengths gives the value of ∞ whereas the slope of the curve gives the opt / * ℎ ratio. The optical band gap of the films is solved by applying Tauc's relation in the high-absorbance region by using the following equation [36] :
( ℎ ) = A(ℎ − ) (6) where ℎ is the photon energy, is the optical band gap of the material, is a constant, and the exponent = 1/2 stands for the permitted direct transitions, since it indicates the best linear graph in the band edge region and is the absorp-tion coefficient acquired by
where is the thickness of the film measured by ellipsometry as shown in Table 1 . Figure 12 shows the dependence between ( ℎ ) 2 and photon energy ℎ for pure and Au-Ag nanoclusters doped-TiO 2 thin films. The band gap value of the TiO 2 thin film decreases with the degree of Au-Ag nanoclusters doping. This case is in accordance with the literature that reduction is observed in the band gap of AuTiO 2 and Ag-TiO 2 [27, 30] . Therefore, the variation of the band gap with the Au-Ag nanoclusters content depends on the condition of the crystalline phase.
Conclusion
In conclusion, the present work has shown that Au-Ag nanoclusters-doped TiO 2 thin films with different dopant concentration (10%-50%) prepared by the spincoating technique on glass substrates can be considered, among other candidates, as a potential thin film for micro/optoelectronic devices. On the basis of the structural, morphological and optical investigations of pure and Au-Ag nanoclusters-doped TiO 2 thin films, the following results were obtained. The X-ray diffraction measurements of the films were executed to confirm crystallite orientation, to evaluate crystallite grain size and to define the resident phase of the films. The TiO 2 thin films were polycrystalline, with a body-centered tetragonal anatase structure without phase transformation. From the surface analyses, it was seen that with an increase in dopant concentration (after 20% doping), grain sizes decrease and films start to have a more homogenous surface morphology. Thin films with dopant concentration up to 40% have high transparency, often over 90%. The direct optical band gap of thin films decreases steadily from 3.63 eV to 3.31 eV with increasing doping concentration. These results indicate that understanding the essential characteristics of these thin films may be of great help in enhancing the quality of TiO 2 for future device applications.
